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TECHNICAL MEMORANDUM X-53589 

SPACE VEHICLE LOW GRAVITY FLUID MECHANICS 
PROBLEMS AND THE FEASIBILITY OF THEIR 

EXPERIMENTAL INVEST1 GATlON 

Gordon K. Platt 

George C. Marshall Space Flight Center 

Huntsvi 1 le, Alabama 

ABSTRACT 

Liquid motions created within the propellant tanks during vehicle 

acceleration and persisting into the orbital coast of  flight are identified. 

magnitudes of  the motions are estimated and the capabilities and limitations of  

various test facilities for their investigation are established. A means of  

attenuating the l iquid motions i s  suggested. 

The 

Several types o f  tests are considered for the investigation of  the 

phenomena. 

Subscale tests may be performed to study in i t ia l  transient f luid motions 

induced by several o f  the phenomena. Since significant damping would not 

occur during the subscale tests, i t  i s  recommended that rocket vehicles be used 

for tests of  sufficient duration to observe the f luid motions unt i l  substantial 

damping has occurred. 
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Container diameter, ft 

Energy, ft- Ibf 

Force, Ibf 

Froude number 

Factor o f  safety 

Natural frequency 

Acceleration equal to  that due to  gravity at the earth's surface, 
32.2 ft/sec2 

P 

Conversion factor, 32.2 Ibm-ft/lbf-sec 2 

Height o f  l iquid above tank bottom, ft 

Height o f  l iquid above tank bottom for a flat bottom tank containing 
the same volume, ft 

tanh 2a (he/D) 

Thermal conductivity, Btu/ft hroR 

A characteristic length, ft 

Mass in  general or total mass o f  l iquid in tank, Ibm 

Tank ullage pressure (absolute), I bd in2  

Tank ullage pressure (gage), Ibf/in 2 

Heat flux 

vi 



DEFINITION OF SYMBOLS (Continued) 

R 

Re 

Ra * 
t 

U 

U 

u1 - 
U 

V 

We 

X 

Y 

. 

. 

Y 

a 

P 

s 
t 

CS 

x 
tJ 
V 

P 

U 

OY 

T 

1 

2 

BL 

D 

Tank radius, ft 

Reynolds number VLp/p 

Modi f i ed Ray I ei  gh number , X4aPiw pcp/v k2 

Time or wal l  thickness, sec or hr or ft 

Velocity parallel to tank wal l  in  longitudinal direction, ft/sec 

Eddy velocity, ft/sec 

Characteristic velocity o f  boundary layer, ft/sec 

Mean velocity, ft/sec 

A velocity, ft/sec 

Weber number pV2L/o 

Boundary layer run length, ft 

Modulus of  elasticity, Ibf/ft2 

Distance perpendicular to tank wall, ft 

The first zero of  J ,'(X), 1.84 
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Boundary layer thickness, ft 

Wave amplitude, ft 
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Square of  the ratio o f  exciting frequency to first natural frequency 

Dynamic viscosity, IbJhr-ft 

Kinematic viscosity, ft2/hr 
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SPACE VEHICLE LOW GRAVITY FLUID MECHANICS 
PROBLEMS AND THE FEASIBILITY OF THEIR 

EXPERIMENTAL INVEST1 GATlON 

Gordon K. Platt 
George C. Marshall Space Flight Center 

Huntsville, Alabama 

SUMMARY 

I t  was the purpose of  this study to identify sources and define magnitudes 

of  propellant motions that may disturb the liquid-vapor interface and interfere wi th 

space vehicle propellant tank venting after inse,rtion into orbital coast, examine 

the possibility o f  experimentally investigating them i n  subscale tests, and deter- 

mine whether long duration (orbital) experiments are needed. 

From the analyses described i n  this text, i t  was concluded that propellant 

sloshing and thermal convection induced during space vehicle boost flight, and the 

release of  tank-wall and liquid-stored strain energy at insertion into orbit, are the 

sources of  propellant motion that w i l l  present problems in orienting l iquid within 

propellant tanks during orbital coast. To attenuate these motions, i t  i s  suggested 

that conventional ring-type baffles be placed within the tank. 

The in i t ia l  f luid motions resulting from induced sloshing and from liquid- 

stored strain energy can be investigated in drop tower tests. A complete investi- 

gation of l iquid motion in  orbital coast resulting from any of  the phenomena 

identif ied w i l l  require an orbital experiment. 



I. INTRODUCTION 

To accomplish certain space fl ight missions, including the lunar landing, i t  

w i l l  be advantageous to  allow the vehicle to  coast i n  earth orbit for a time before 

the terminal stage of the launch vehicle makes i t s  final engine burn and accelerates 

to  earth escape velocity (Ref. 1 ) .  Vehicles using cryogenic propellants w i l l  gen- 

erally require venting during the orbital coast to  avoid an excessive rise o f  tank 

pressure. Propellant motions induced during engine burning or at injection into or- 

bit are expected to  persist for extended periods during orbital coast. While gravi- 

tational forces w i l l  not be absent, the statics or dynamics o f  a system relative to  the 

vehicle may be treated as i f  i t  were in  a very low gravity field. Thus, the forces 

available to separate l iquid from vapor for propellant tank venting w i l l  be very 

small. Chaotic motions may wel l  be created within the tank, and excessive venting 

o f  l iquid may be unavoidable. 

Much study has been devoted to  determining equilibrium liquid-vapor inter- 

face shapes during the absence, or near absence, o f  gravity forces,but l i t t le  study 

has been devoted to  determining whether propellant motions can be expected and 

their duration and effect on l iquid location. Also, no comprehensive study has 

been made to  determine how such motions may be experimentally investigated. 

I t  i s  the purpose o f  this study to  (1) identify the sources and define the mag- 

nitudes of propellant motions that may disturb the liquid-vapor interface and inter- 

fere wi th  space vehicle propellant tank venting after insertion into orbital coast, 

(2) examine the possibility o f  experimentally investigating them in  subscale tests, 

and (3) determine whether long duration (orbital) experiments are needed. 

2 



II. REVIEW OF PREVIOUS WORK 

Unt i l  very recently, efforts i n  zero and low gravity f luid mechanics were 

concerned almost exclusively wi th  static equilibrium configurations o f  liquid-vapor 

interfaces i n  containers o f  simple shape. 

much o f  this work. 

nitrogen were obtained by  Merte and Clark (Ref. 4) and i n  l iquid hydrogen by Clod- 

felter (Ref. 5). Otto, - et al. (for example, see Ref. 6) published several papers 

concerning experimental determination o f  Iiquid-vapor interface shapes in  quiescent 

fluids i n  zero gravity, and concerning the time for deformation o f  the Iiquid-vapor 

interface from i t s  shape in  a one earth gravity (1 ge) f ield to  its shape i n  zero gravity. 

Chin, et al. (Ref. 7) did further work on the equilibrium Iiquid-vapor interface shape 

i n  cylindrical containers i n  low gravity and extended their results to  account for 

modifications o f  the interface shape by convection induced b y  axisyrnmetric heating. 

Reynolds (Ref. 8) presented a comprehensive discussion o f  basic zero and low gravity 

hydrodynamics in a report that was used extensively as a basis for parts o f  this study. 

He also presented the first analysis known to the author that indicated the propellant 

configuration i n  space vehicle tanks i n  earth orbit would be dominated b y  acceleration- 

induced body forces. suck and G i I l e  (Ref. 9) and Bowman (Ref. 10) recently pub- 

lished analytical and experimental studies of the in i t ia l  motion o f  propellant re- 

orientation i n  low gravity. Gluck and Gi l le  also presented a cursory discussion o f  

other sources o f  propellant motion in  low gravity. Satterlee and Reynolds (Ref. 1 1 )  

recently published experimental results and an analytical treatment o f  smal I ampli- 

tude sloshing i n  low gravity. 

Li (Ref. 2) and Benedikt (Ref. 3) performed 

Experimental data on low gravity boi l ing heat transfer in l iquid 

- 

The emphasis on hydrostatics in  zero and low gravity, evidenced by the 

great deal o f  attention this area has received, has been we l l  placed. Any study of 

low gravity f luid location and motion i n  containers must begin wi th  a knowledge o f  

the equilibrium configuration. Unt i l  quite recently, however, the tendency was to  

ignore the sources of  f luid motion and assume a static situation (Refs. 2, 3, and 6). 

3 



An awareness of some of the sources o f  f luid motion i n  space vehicle tanks i s  evi- 

denced by  the more recent work of References 7 ,  9, 10, and l l .  While this latter 

work i s  useful , and Reference 9 presents the framework o f  a thorough study of a l l  

sources o f  propellant motion in "storable" propellants in low gravity, no compre- 

hensive study has been published that treats a l l  the identifiable sources o f  propel- 

lant motion. 

heat transfer to  cryogenic fluids in  low gravity, only Reference 7 treats the resulting 

l iquid motions. This work, however, was confined to  the study o f  thermally induced 

convective patterns i n  containers being steadily accelerated at a low acceleration. 

Unfortunately, no study has been made to  define the f luid motions set up during a 

high acceleration but persisting after the acceleration o f  the container has been 

reduced. 

Further, while References 4 and 5 are valuable as basic data concerning 

4 



I l l .  ANALYSIS OF THE SOURCES OF PROPELLANT MOTION 

The phenomena that cause propellant motion during acceleration o f  a space 

vehicle are: sloshing induced during powered flight, thermally induced propellant 

motion, tank draining, and strain energy stored in  the propellant and propellant 

tank structure. The general theory o f  each phenomenon i s  considered separately 

below. 

A. Sloshing Induced During Powered Flight 

One o f  the major potential sources o f  momentum i n  the l iquid propellant o f  

a space vehicle at insertion into orbit i s  sloshing formed during powered fl ight. A 

space vehicle i s  subjected to  wind forces and makes various maneuvers to  follow i t s  

programmed trajectory. 

When a container o f  l iquid i s  subiected to  lateral disturbances, the l iquid sloshes. 

Sloshing i s  the oscillatory motion o f  the essentially planar Iiquid-vapor interface. 

The slosh wave energy alternates between kinetic energy (when the wave amplitude 

i s  a minimum) and potential energy (when the amplitude i s  a maximum). The maxi- 

mum amplitude generally occurs at the container wall; the amplitude i s  limited, as 

splashing occurs when the frequency o f  the lateral excitation o f  the container 

approaches the natural frequency o f  the slosh wave. 

Thus, lateral disturbances o f  the vehicle are introduced. 

The first natural frequency of a body force and surface tension restored slosh 

wave i s  given b y  Reference 9 as: 

2ahe D j’” (1) 
1 2ahe 2a 3 u 

1 2rr D ge P 
f = - [($) (2) ge tanh (F) + (F) - tanh(-) 

where: 
- 1  f 1 

a 

= first natural frequency o f  the wave, sec 

= the zeros o f  J1’ (X) (1.84, the first, applies to the first mode 
slosh wave) 

D = tank diameter, ft 

5 



- 
al - 
'e 

- - 

u =  

P =  

2 
acce lerat ion, ft/sec 

acceleration ot gravity at the earth's surface, ft/sec 2 

density of liquid, lb,Jft 3 
surface tension, IbJft 

The first term i n  the brackets o f  Eq. (1) represents the contribution due to  

body force (usually gravity or the inertial reaction to a longitudinal acceleration). 

The second term accounts for the effect o f  surface tension. 

as either a restoring or a disturbing force since the direction o f  the surface tension 

force depends upon the contact angle the l iquid surface makes wi th  the tank wall .  

Equation (1) i s  strictly true only for a l iquid that makes a 90" contact angle wi th  

the tank wall .  It i s  true within 8% for a 30" contact angle for 10 5 Bo 5 40 wi th  a 

decreasing error as Bo increases (Ref. 11). No research exists to define this effect 

for combinations of liquids and tank materials that result i n  contact angles less than 

30'. 
not measurably different from zero. 

Surface tension may act 

Liquid hydrogen and liquid oxygen have contact angles, wi th  a l l  known solids, 

2 
Rearranging Eq. (1) and defining the Bond number, BoR = R pa/o, where 

R = tank radius (ft) 

f = -[-a 1 1  0 t a n h ( T )  2ah e (E) 2a [ 1 + -  zRi, 
1 ~ T T  ge e 

The Bond number represents the ratio o f  body to  surface tension (capillary) forces. 

I t  i s  seen that for the first mode slosh wave and for values o f  Bo exceeding 34 the 

second term may be neglected wi th  an error o f  less than 10%. 

Equation (1) w i l l  be used herein since i t  i s  the best available, even though 

i t  i s  somewhat i n  error for certain fluids. 

' I f  the tank has a f i l l  height that i s  approximately as great as, or greater than, 

the tank diameter, tanh 2ahe/D =: 1. I f  Bo i s  also large, Eq. (2) becomes: 
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The maximum amplitude (at which splashing occurs) i s  given by Eulitz 

(Ref. 12) as: 

1 D  
Cs =mK 

where: 

I 

he K = tanh a - D 

Cs = slosh wave amplitude at splashing, ft 

a 

X 

= the first zero o f  J1' (X) (1.84) 

= square o f  the ratio o f  exciting frequency to  first 
natura I frequency 

D = tank diameter, ft 

he = equivalent l iquid level in  tank, ft 

The total energy o f  a gravity restored slosh wave, neglecting surface 

energy and considering the first mode (Ref. 9) is: 

al 2 2 

'e 
E = 0.553 p - R C 

S 

where: 

E = wave energy, ft-lbf 

p = liquid density, l b d f t  

al = longitudinal acceleration o f  container, ft/sec 

R = tank radius, ft 

3 
S 

2 

= slosh wave amplitude, ft 

The surface energy due to sloshing may be calculated quite simply by  

multiplying the surface tension of the l iquid by  the difference between the surface 

area wi th  and without sloshing (Ref, 8). The wave i s  planar; thus, i n  a cylindrical 

container, the surface i s  el l ipt ical,  The surface energy due to  sloshing is: 

7 



8, Thermally Induced Propellant Motion 

Prior to  launching and during flight through the earth’s atmosphere, environ- 

mental heating w i l l  establish convective motions within the cryogenic propellant o f  

a space vehicle stage. Before insertion into orbit, the warm fluid w i l l  rise adjacent 

to the container walls, due to  buoyancy, and spread across the l iquid surface. How- 

ever, when the acceleration i s  suddenly reduced at insertion, the low acceleration 

o f  the vehicle may allow the l iquid to  continue forward. 

By assuming that the l iquid motion near the container wal l  can be described 

as a boundary layer, successfu I correlations o f  observed axial temperature gradients 

i n  space vehicle tanks have been made (Ref. 13). A simi lor approach w i  I I be taken 

here to  estimate the mass and velocity o f  the flowing fluid. 

The boundary layer formed on the container walls depends upon the acceler- 

ation and history o f  heat input (or wal l  temperature). An average heat flux o f  0.08 
Btu/sec-ft 2 w i l l  be assumed (References 13 and 14). This appears to  be i n  the 

region o f  the threshold o f  nucleate boiling, but data are inadequate to confirm this 

(Ref. 15). Reference 14 assumed an average acceleration o f  1 .O ge for stratification 

analysis of a space vehicle stage. 

w i l l  be almost entirely turbulent (the modified Rayleigh number, Ra* i s  greater than 

10”). 

be assumed of the form: 

From References 13 and 14, the boundary layer 

From Reference 13, for a turbulent boundary layer, a velocity prof i le may 

U 1 / 7  4 

u1 
- = (i) (1 - E) 

where: 

u 

u, = characteristic velocity o f  the boundary layer, ft/sec 

y 

6 

Reference 13 also gives the following expressions for the characteristic 

= velocity parallel to container wall ,  ft/sec 

= distance perpendicular to container wall ,  ft 

= boundary layer thickness, ft 

velocity and boundary layer thickness: 
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. 
where: 

, 

I 

v = kinematic viscosity, ft2/hr 

a = vehicle acceleration, ft/sec 2 

= coefficient o f  thermal expansion, R’ 1 p 
= heat f lux to liquid, Btu/hr-ft2 

4 W  

p = l iquid density, Ibm/ft3 

c = specific heat at constant pressure, Btu/lbm-R 
P 

X = boundary layer run length, ft 

c = a p i w / p c p  v 3 , a constant, ft-4 

- The mean velocity across the boundary layer, uy, is: 

substituting Eqs. (8) and (9) into Eq. (1 1 )  and performing the indicated integration: 

- 5/14 x3/7 uy  = 0.546 v C 

Assuming axisymmetry and that the boundary layer thickness i s  small compared to 

the tank radius, the kinetic energy in the boundary layer may be calculated as 

follows 

9 



Substituting Eqs. (10) and (12) into Eq. (13) and integrating: 

2 9/14h18/7 - 0.061 n D p v  C 

*go 
E~~ - 

where: 

m 

EBL = kinetic energy in  the boundary layer, ft-lbf 

V 

D = tank diameter 

go = conversion factor, Ibm-ft/lbf-sec2 

h = height o f  l iquid above tank bottom 

The other symbols were defined earlier. 

= mass o f  l iquid participating, Ibm 

= a velocity o f  liquid, ft/sec 

The total mass in  the boundary layer may be calculated from: 

0 

Substituting Eq. (10) into Eq. (15) and integrating: 

-1/14 h12/7 
m = 0 .307rDpC BL 

where m 

same as before. 

dictates that the fluid core move downward. Neglecting draining and assuming an 

equivalent cylindrical container, a mean velocity o f  the downward flow, uD may be 

found. 

rate across any plane perpendicular to  the tank axis must be zero. 

i s  the mass of l iquid i n  the boundary layer and the other symbols are the BL 
Since there i s  boundary layer flow up the tank walls, continuity 

- 

Neglecting density variation i n  the liquid, the net vertical volumetric flow 

- - 
'YABL = UD(AT - ABL) 

where: 

AT = cross sectional area o f  tank, ft 2 

ABL = cross sectional area o f  boundary layer, ft2 

I 

10 



or, i f  R >> 6 

. 

I -  

I T D ~ ; ~  = : D 4  inD2 - IT DS] 

Substituting Eqs. (10) and (11) into Eq.  (18) and solving for LD: 

4/14 x8/7 - 1.15 V C  
u =  -1/14 x5/7 D - 2.105C 

An expression for the kinetic energy of  the downward core flow may next 

be found. The downward-flowing mass at any station X is: 

2 ITD 
4 dm = (- - mDb)pdX 

This mass has a mean velocity of u D  from Eq. (19). 

For any element, - 
u> dm 
v dED = - 
2g0 

Substituting Eqs, (lo), (19) and (20) into Eq. (21), 

ITTI Ih 1.15 V C  4/7 X’6/7dX 
E = -  - 1/14 x5/7 

D - 2.105 C 

Attempts to integrate Eq. (22a) directly failed, thus 

into the f in i te difference form: 

his equation was put 

X. h/A x p / 7  /) 

(22b) 
I E = -  

I 
I T D ~  [ 1.15’ .j2 c4/7] 1 

. [ D  - 2.105C 
I =  1 

- 1/14 x5/7 D 89, 

C. Release o f  Stored Strain Energy 

During the engine burn period, the space vehicle propellant tank sidewalls 

and lower bulkhead w i l l  be deflected and the propellant compressed by  the hydro- 

static pressures of the propellant within the tank.. When the engine i s  cut off, this 

11 



hydrostatic pressure w i l l  suddenly be relieved and the tank walls and bulkhead 

w i l l  return, probably i n  the form o f  an oscillatory motion, to their undeflected 

configuration. Also, the l iquid w i l l  expand to a certain extent. 

In Reference 16, the following expression i s  derived for wal l  strain energy 

released by a reduction i n  acceleration: 

go 

where: 

E 

Y = elasticity of tank wall  material, lbf/ft2 

t = tank wal l  thickness, ft 

po = tank ullage pressure (gage), Ibf/ft 

= strain energy i n  cylindrical tank wall, ft- lbf 
W 

2 

The other symbols are the same as defined earlier. To derive this equation i t  was 

assumed that the local tank wal l  stress and deflection i n  the tangential direction 

can be computed b y  the simple hoop stress formula. Also, no account was taken o f  

the energy absorbed by the structure o f  the tank wall .  

Reference 16 also presents an equation for the energy stored within the 

l iquid due to the local hydrostatic pressure that i s  relieved by a reduction i n  

acceleration: 

where: 

E 

p 
p 

= strain energy stored i n  liquid, ft- lbf 

= coefficient of isothermal compressibility of l iquid, ft2/lbf 
L 

= tank ullage pressure (absolute), Ibdft 2 

This equation was derived for a container o f  uniform cross section wi th  a flat bottom. 

I 
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D. Fluid Motion 

The kinetic energy due to tank draining is: 

EDR = $ /: f (Vf + V t  + V X *) rd rdedx  

where: 

EDR = kinetic energy of  l iquid due to draining, ft-lbf 

r = distance from tank center line, ft 

8 = angle from a plane passing through the feedline entrance 
and containing the tank center line, rad 

x 

V. 

= distance from the tank bottom, ft 

= l iquid velocity in the i direction, ft/sec 
I 

, 
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IV. ANALYSIS OF LIQUID MOTION IN LOW GRAVITY 

A space vehicle i n  earth orbit or coasting i n  space i s  not i n  a gravity free 

environment. As used i n  this study, the term ''zero gravity" refers to a situation 

wherein a space vehicle and the liquids within its propellant tanks are subjected to  

the same acceleration and are in free fall. Thus, the liquids in the tanks behave as 

i f  the vehicle were i n  a gravity free environment and only the forces on the vehicle 

(other than gravity) need be considered i n  analyzing propellant behavior (Ref. 10). 

Without external forces, the propellant location i n  zero gravity would be  governed 

by surface tension (Refs. 2 and 3). 

Reference 8 describes the Bond number as the dimensionless parameter that 

describes the ratio o f  body (or acceleration) forces to  capil lary (surface tension) 

forces. The Bond number is: 

where: 

L = characteristic length o f  container, ft 

p = density o f  liquid, Ib,.Jft3 
a = acceleration o f  container due to  external forces, ft/sec 2 

u = surface tension of liquid, lbdft 

For a Bond number substantially greater than unity, the quiescent f luid 

configuration within a container i s  dominated b y  the body or acceleration force 

(Ref. 8). 

The Weber number is: 

where V i s  the velocity of the l iquid and the other symbols are the same as before. 

The Weber number i s  the ratio o f  inertial to capil lary forces. For a Weber number 
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substantially greater than one, inertial forces are considered to be dominant with 

respect to capil lary forces. 

The Froude number, 

Fr = We/Bo = V / m  

i s  the ratio of inertial forces to body forces. 

The Reynolds number, 

i s  the ratio of  inert ial  to viscous forces. 

Reynolds divides the regimes of  hydrodynamic behavior o f  a f luid as shown 

in  Figure 1 .  He considers that uncertainty as to regime exists in  the areas extending 

roughly an order of magnitude to either side of  the line where any one of  these 

dimensionless numbers equals unity. Reynolds provides no similar guide to the sepa- 

ration of  inertial and viscous regimes as characterized by the Reynolds number. 

Certainly, the transition value of Reynolds number depends strongly on the 

characteristic length used., 

It would be erroneous to assume that the Bond number for space vehicle 

propellants during orbital coast w i l l  always be zero or substantially less than unity. 

Reference 17 quotes the following magnitudes of  acceleration as representative for 

a space vehicle in  a 100 nautical mile earth orbit (with the vehicle orientation 

maintained perpendicular to the local vertical). 

TABLE 1 

SUMMARY OF IMPORTANT ACCELERATIONS 

Source 

Aerodynamic drag 

Gravity gradient 

Solar Pressure 

Centripetal force 

Rotation about vehicle center of  mass 

Attitude control system 

Magnitude (ge) 

10-6 

10-6 

1 o - ~  

10-7 

10-6 
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For an acceleration of ge, Bo = 3.22 i n  a 10 ft radius tank o f  l iquid 

hydrogen. Thus i t  i s  seen that the vehicle may not be considered to  be i n  zero 

gravity but w i l l  be essentially i n  "low" gravity. 

A. Behavior o f  Liquid Resulting from In i t ia l  Sloshing 

Should the longitudinal acceleration o f  the container be reduced at the 

instant that the energy of  the wave, as given by  Eq. (6) i s  manifested as potential 

energy, the wave would not be amplified (i.e., the ampiitude would remain the 

same). 

energy at the time o f  a sudden reduction in  acceleration, the f luid w i l l  travel 

forward seeking an elevation at which the total energy appears as potential energy. 

A dimensionless number may be formed from the Froude number which i s  equivalent 

to  the height, i n  tank diameters; the total l iquid mass i n  the container can be raised 

by  the energy i n  the slosh wave against the acceleration present after the reduction 

i n  acceleration (Ref. 18). 

If, however, part or a l l  o f  the energy o f  the wave i s  manifested as kinetic 

where: 
-1 -2  

go = conversion factor, 32.2 Ibm-Ibf ft-sec 

b 

m 

a2 = longitudinal acceleration of tank after a change 

Fr = Froude number 

For a cylindrical tank, assuming a flat (or equivalent curved) bottom from 

= jump height of liquid, ft 

= total mass of l iquid in  tank, Ibm 

i n  acceleration, ft/sec 2 

Eqs. (6) and (30): 

2 
al 0.176- ! 
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Should b/D significantly exceed the distance between the undisturbed 

liquid surface and the forward bulkhead o f  the tank, a circulatory motion w i l l  be 

created with the l iquid flowing up one wal l  of the tank, across the forward bulk- 

head, down the other wall, etc. To gain some insight into the time necessary i o  

regain control of the liquid, a means of estimating the duration o f  this motion i s  

needed. Reynolds (Ref. 8) estimates the force due to  eddy exchange i n  flowing 

fluids as: 

p u 2 A  
F e a  - 

90 

where: 

Fe = force due to  eddy exchange, Ibf 

u = eddy velocity, ft/sec 

A = wa l l  area contacted by  liquid, ft2 

The eddy velocity, u, i s  estimated i n  Reference 8 to  be approximately one-tenth 

of  the liquid velocity parallel to  the wall, U. 

order o f  R , 
I f  it i s  also assumed that A i s  of the 

2 

0.01 2 2 
F e s  - R  p U  

go 

Applying Newton's second law: 

Integrating and solving for At ,  

1 OOm 
A t =  - 

PR 

where: 

At = time to reduce velocity from U1 to U2, sec 

U1 = velocity o f  l iquid at begiiining of  damping, ft/sec 

U2 = velocity o f  l iquid at end o f  damping time, ft/sec 

18 
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The Reynolds number characterizing the flow may be estimated as follows. 

The velocity, V, i s  estimated by observing that the wave travels through a distance 

of 2! at the wal l  each half cycle; thus, V = 4 f l  C. The tank radius, R, i s  selected 

as the characteristic length. Then, 
L 

4f CRp 
Re =- 

P 

Substituting Eq.  (3) into E q o  (63), 

The Weber number may be estimated by assuming the same velocity and 

characteristic length as used for the Reynolds number. 

We =-  
Q 0 

The Bond number may easily be estimated, once the characteristic length i s  

defined, b y  

2 

BoR = %  
aR 

(39) 

B. Behavior of Liquid Resulting from Thermally Induced Propellant Motion 

To determine whether the convective motion w i l l  cause the l iquid t o  con- 

t inue vertically upward when the acceleration i s  suddenly reduced at insertion into 

orbit, the Weber and Froude numbers must be calculated. 

The Weber number can be calculated based upon the maximum boundary 

layer velocity, which i s  obtained by replacing X by h in  Eq.  (9j, using R as the 

characteristic length. Thus: 

pul h 2R 
We =- = 13.83 

pRv 2 C 5/7h6/7 
R a 0 (40) 
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I f  We i s  substantially greater than unity, i t  may be assumed that the R 
surface w i l l  break due to the dynamic force (Ref. 7). 

The dimensionless height that the l iquid may project forward under the low 

acceleration during orbital coast i s  determined by Eq. (30). 

I f  the boundary layer kinetic energy i s  considered to  affect the mass i n  the 

boundary layer, Eq. (30) becomes: 

I f  a l l  the kinetic energy due to  convection i s  applied to  the entire mass o f  

l iquid i n  the container, 

- - -  
D m a2 D 

C .  Behavior of Liquid Resulting from Release of Stored Strain Energy 

In a manner similar to  that used above, 

L 

where Ew i s  the strain energy o f  the tank wall .  Also, for strain energy stored i n  

the liquid, 

b -  E Lgo - --  
D ma2D (44) 

The Weber number may also be calculated to  determine whether the l iquid 

surface w i l l  be broken. The velocity that appears i n  the Weber number i s  calculated 

from 
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Then, 

where E may be E, or EL of  Eqs. (23) and (24), depending upon which i s  o f  

interest. 

D. Persistence of  Liquid Motion Due to Tank Draining 

The height the l iquid can rise against the acceleration of the space vehicle 

in orbit is, again, 

b E D R g ~  - - _ -  
D ma D 2 

(47) 

The Weber number may be calculated to determine whether the interface 

w i l l  break in  the same way as under C. above. 
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V. ANALYSIS OF A SPACE VEHICLE STAGE 

A discussion of the phenomena to be encountered i n  the propellant tanks of 

a space vehicle stage w i l l  be facil i tated by basing the study on a typical stage and 

an assumed propellant tank venting and propellant settling system. 

relat ively simple to extend the results to other stages that must perform similar 

missions. 

I t  w i l l  then be 

A. General Description of  the Space Vehicle Stage 

A restariable third stage of  a vehicle which injects a payload into a trans- 

lunar trajectory i s  considered, Propellants are l iquid hydrogen and liquid oxygen 

loaded in an oxidizer-to-fuel ratio of 5.0. The main engine produces 200,000 Ib 

of  thrust at altitude. Total propellant loading i s  240,000 Ib. Figure 2 i s  a sketch 

showing the overal I configuration and pertinent dimensions of  the stage. 

To avoid the need to resettle the propellants each time venting or engine 

restart i s  required, positive acceleration i s  provided from l i f t -of f  of  the vehicle 

through orbital coast, to retain the l iquid i n  a settled condition. 

ignition of the main engine of  the stage, the acceleration i s  provided by solid 

propellant ullage rockets which are ignited at separation from the second stage 

and burn unti l  the engine o f  the third stage has started. During orbital coast, the 

hydrogen tank i s  vented through longitudinally directed nozzles that provide a 

smal I thrust for prope I lant settling. 

Before the first 

Eight l iquid propellant auxil iary motors are arranged i n  two modules. Three 

motors i n  each module are used for attitude control during powered flight and 

orbital coast. 

damping of propellant motion at injection into orbit. 

The fourth motor in  each module i s  used to settle propellants during 

The l iquid hydrogen tank i s  insulated from its external environment by  a 

reinforced foam and from the l iquid oxygen tank by  an insulating common bulkhead. 

Approximately 3000 I t ]  o f  l i qu id  hyclrogcn a r c  allowed for evaporat ion during 4- 1 / 2  

hours of  orbital coast. The l iquid oxygen tank i s  not insulated. Lit t le oxygen 
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venting i s  anticipated, but should oxygen tank venting be required, a line directed 

through the center o f  mass of the stage has been provided. 

A 100,000 Ib payload i s  assumed. By assuming a stage mass ratio (ratio o f  

total propellant capacity to stage dry weight) of 10, a stage dry weight o f  24,000 Ib 

i s  obtained. The propellant remaining at insertion into orbit i s  2/3 of  the original 

loading, or 160,000 Ib. Thus, the vehicle acceleration just before insertion i s  

approximately 0.70 ge (ge i s  defined here as an acceleration equal to that experi- 

enced by a body at the earth's surface due to gravity). Total l iquid ullage motor 

thrust i s  140 Ib, giving an acceleration just after insertion of  5 x 

net force provided by the vented hydrogen i s  a minimum of 5.7 Ib, giving a mini- 

mum acceleration during orbital coast of  2 x 

ratio, he/D, for an equivalent cylindrical hydrogen tank (with a flat bottom) at 

insertion i s  0.79. 

ge. The 

ge. A l iquid depth-to-diameter 

The equivalent L/D for a cylinder of  equal volume i s  1.25. 

B. Analyses of  Phenomena 

I f  the phenomena identif ied in  Chapter lil cause l iquid to impinge on pre- 

viously dry surfaces of  the interior o f  the hydrogen tank of  the stage, a high rate 

of tank pressure rise i s  expected. 

relat ively warm pressurization gas during the first main engine firing. 

for the worst case, which assumes that the entire tank wal l  i s  covered by l iquid 

hydrogen at insertion into orbit and a l l  the heat from the tank wal l  evaporates 

liquid, predict that the tank pressure would rise by approximately 10 psi in  100 sec. 

(Ref, 19). Thus, i t  would be necessary to vent the tank to preclude the tank design 

l imit pressure being reached. Therefore, liquid venting would occur i f  the pro- 

pellant i s  i n  the v ic in i ty of  the vent inlet after approximately 100 seconds after 

insertion (main engine cut-off). 

The internal insulationsurface w i l l  be heated by 

Calculations 

The analyses of  individual phenomena that were given in  Chapters Ill and 

IV  w i l l  now be applied to the assumed stage, The objectives are to establish which 

of  the phenomena have the potential to  cause deleterious l iquid motions and to 

suggest means of  controll ing the motion, where applicable. 

2 4  



Auxiliary 
Propulsion 

Bulkhead Radius 130 in. 
Tank Inside Diameter 260 in. 
Propellant Levels Shown at 

Injection Into Orbit 

Main Engine 

Figure 2 Configuration of the Restartable Third Stage 
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1. Sloshing Induced During Power Flight 

To determine whether sloshing induced during powered flight has the poten- 

t ia l  to cause severe l iquid motion, Eqs. (4), ( 5 ) ,  (6), and (30) of  Chapters Ill and 

IV w i l l  be applied to the space vehicle stage. For the first mode slosh wave, a i n  

Eq. (5) i s  1.84; he/D for the stage i s  0.79. Thus, 

he K = tanh 2a - z 1 
D 

In Eq. (4), X z 1 since the first mode slosh wave i s  o f  interest (Ref. 12). Thus, 

5.88 ft 1 D  t =- -  
s 2aX K 

Substituting tS for 

and p for l iquid hydrogen i s  approximately 4.4 Ib,,,/ft3, 

i n  Eq. (6) to obtain the worst case, noting that al/ge i s  0.70 

a l  
ge 

ES = 0.553 p - R2rfs 6960 ft-lbf 

The surface energy due to sloshing i s  calculated from Eq. (7) to be only 7 . 0 9 ~  

ft-Ibf. This i s  negligible, and surface energy w i l l ,  therefore, be eliminated from 

further consideration in  this study. 

Assuming, for simplicity, that the energy i s  distributed uniformly throughout 

the total hydrogen mass of  26,667 Ib, at the acceleration just after insertion into 

orbit o f  5 x  ge, Eq. (30) yields: 

Thus, just a f ter  inser t ion ,  t he re  is adequate energy  to d r ive  the en t i re  liquid hydro- 

gen mass 24 tank diameters forward. Therefore, the propellant motion w i l l  be 

l imited only by  the confines of  the tank (provided, of course, that the engine thrust 

i s  terminated at the instant this energy i s  manifested as kinetic energy of sloshing). 

I t  may be, however, that this motion w i l l  not persist for the allowable period 

of  time (estimated to be 100 sec based on tank pressure rise rate). To gain some 

insight into this, a response time order of magnitude estimate w i l l  be made using 
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Eq. (35). The in i t ia l  velocity, U , w i l l  be estimated as wss the velocity i n  Eq. (36), 

i.e. , U 1  = 4 f l  rs. The velocity to  which the motion must be damped, U 

order of 0.1 ft/sec to  avoid excessive jump heights at the final acceleration, 

2 x  

7.35 ft/sec. 

mated to  be: 

1 
i s  o f  the 2' 

ge (Fig. 3). From Eq. (3), fl = 0.312 cycles/sec. Thus, U1 = 4fl t S  = 

Substituting the above data into Eq. (36), the damping time i s  esti- 

At  s p ~ 2  1 OOm (< - t)= 51,600 sec 

Thus, i t  i s  seen that, even i f  turbulent damping should persist, the damping time i s  

several orders of magnitude greater than the available time. To determine whether 

turbulent flow w i l l  persist, the transition from turbulent to  viscous flow i s  estimated 

to  occur at a Reynolds number o f  the order o f  1000. 

PRU Re = -  = 1000 
c1 

U = 1.83 x ft/sec 

where p =dynamic viscosity o f  l iquid hydrogen, 3 x  

Therefore, i t  may be concluded that turbulent flow w i l l  persist. 

Ib,/hr ft (Ref. 20). 

It i s  appropriate to consider previous experience wi th  sloshing to  determine 

i f  conditions approaching the worst case estimated above are normally encountered. 

An idea of the sloshing to  be expected i n  the hydrogen tank may, perhaps, be 

gained b y  examining the Saturn I, S-IV stage fl ight data (Ref. 21). 

flight SA-5 show evidence of hydrogen sloshing at both the first and second mode 

natural frequencies, approximately 0.4 and 0.7 cps. The maximum hydrogen slosh 

amplitude o f  0.6 feet occurred 50 seconds after ignit ion o f  the S-IV stage and 

decayed to 0.13 feet i n  approximately 300 seconds. 

on the other Saturn I flights. 

estimate i s  probably too severe. 

Data from 

Similar results were obtained 

From these data, i t  i s  concluded that the worst case 

It  seems reasonable to ask whether the sloshing for the stage considered 

herein can be predicted or estimated. It i s  beyond the scope o f  this study to  make 

a slosh prediction for the assumed stage. An estimate, however, i s  possible, since 
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a prediction i s  available for a stage that differs from the assumed one only i n  the 

acceleration and i n  the amount of propellant remaining at insertion into orbit (Ref. 

22). The stage considered in  Reference 22 had an acceleration just before insertion 

o f  3.5 ge. The predicted slosh wave had an amplitude of 0.42 feet and a frequency 

o f  0.7 cycles/sec. The maximum liquid velocity occuring at the container wal l  was 

given as 1.83 ft/sec. I f  i t  i s  assumed that the kinetic energy associated wi th  this 

wall  velocity i s  converted into potential energy, it i s  found that the l iquid can 

jump 100 feet at the acceleration o f  5 x  

much larger than the distance from the  l iquid surface to the top o f  the tank, the 

vent inlet w i l l  be covered. I f  the jump height tolerated was arbitrarily set at a 

quarter o f  a tank diameter, an acceleration of 0.01 ge or 3000 Ib thrust would be 

required on this stage (Fig. 3). The propulsion system required to  produce such an 

acceleration for the duration required for the motions to  subside would result i n  a 

severe weight penalty. 

ge (Fig. 3). Since this jump height i s  

An apparent solution to  the above problem would be to  baffle the hydrogen 

tank to prevent these large slosh velocities. I t  was calculated (Ref. 23) that three 

ring baffles 10 inches wide, spaced 12 inches apart wi th  the middle baffle located 

at the expected l iquid level at injection into orbit would damp the maximum slosh 

velocity to  0.15 ft/sec. This would result i n  jump heights o f  0.7 feet at 5 x  10’ 4 ge 

and 17 feet at 2 x  lom5 ge (Fig. 3). 

appears conservative, since the kinetic energy dissipated during the 100 seconds of 

auxi l iary engine fir ing and the deflection o f  the flow b y  the upper slosh baffle 

were not considered , 

However, the prediction of a 17 foot jump 

From the above, i t  i s  concluded that propellant sloshing formed during 

powered flight has the potential to create propellant motions during orbital coast 

that w i l l  interfere wi th  propellant tank venting. Damping times are estimated to  

be excessive for the assumed stage. 

reducing the energy avai table to create propellant motion during orbital coast. 

2. Thermally Induced Propellant Motion 

Slosh baffles are an applicable means o f  

To determine whether thermally induced propellant motion has the potential 

to  cause liquid venting, the equations presented i n  Chapter 1 1 1 ,  part B w i l l  be 
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applied to  the assumed stage hydrogen tank. Common to  a l l  pertinent equations i s  

the quantity: 

The symbols f3, p, c , and v refer to  liquid properties. 

values are (Refs. 20 and 24): 

For l iquid hydrogen, their 
P 

p = 9.3!jX 10-3, R-1 

p = 4.4, Ib,,,/ft3 

c = 2.3, Btu/lbm R 
P 

v = 2 x 10-6, ft2/sec 

7 1  uLLc!zrGtion, a, w i l l  be assumed to be 0.7 ge, the cutoff acceleration o f  the 
2 

assumed stage. The heat flux, GW, was given earlier as 0.08 Btu/sec-ft . (The 

analysis o f  Reference 14 used 1 .O ge as the average acceleration o f  a stage similar 

to  the one assumed herein. This i s  considered arbitrary, however, and o f  small 

importance since the boundary layer equations contain the factor C to  fractional 

powers i n  a l l  cases.) From the above, for the assumed stage, C = 2.1 x 10 14 ft-4 

The other factor required to  apply the equations i s  the maximum boundary layer run 

length, h. From Fig. 2, h =23.67 ft. 

The maximum boundary layer velocity may be calculated by  replacing X 

w i th  h i n  Eq. (9). Thus: 

ulh = 3.72vC 5’14 h3l7 = 4.02 ft/sec 

From Fig. 3 at a/ge = 5 x  

jump height o f  400 feet i s  read for a velocity of 4.02 ft/sec. 

the acceleration during ullage engine firing, a 

For the continuous 

venting period (a/ge = 2 x  10- 5 ) the jump height i s  10,300 feet. Of course, there 

i s  only an infinitesimal mass at such a high velocity. 

I t  might be more appropriate to  consider the iump height for a case where 

the kinetic energy i n  the entire boundary layer i s  applied to the mass o f  l iquid in  

the boundary layer. 
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From Eq. (14), 

2 9/14h18/7 
= 6.45 ft-lbf - 0.061.rrDpv C - 

E~ L 2g0 

The mass in the boundary layer, from Eq. (16) i s :  

= 2000 Ibm 
m = 0.307.rrDpC -1/14 h12/7 

BL 

Applying Eq. (41) for the period of ullage engine firing: 

= 0.297 - -  b -  E ~ ~ g o  

mBLa2D 

and for the orbital coast, where a/ge = 2 x 

= 7.44 - -  b -  E ~ ~ g o  

mBLa2D 

Thus, the entire mass in the boundary layer can easily be driven to the top of  the 

forward bu I khead . 
It has been established that 100 seconds can be allowed before tank venting 

Neglect ing damping, an indica- i s  necessary. 

tion of  the liquid iump height after mixing may be obtained by  applying the entire 

kinetic energy in the tank due to convection to the entire mass of  liquid available. 

The kinetic energy in the boundary layer has been calculated. The kinetic energy 

in  the downward core flow may be obtained from Eq. (22b): 

Thus, some mixing may take place. 

h/Ax 

To evaluate this equation, the tank was replaced by  one of the same height but 

with a flat bottom. This w i l l  result in a calculated value for E 

what lower than w i l l  exist in reality. Ten increments of height were used 

(h/Ax = 10). The calculated value for E was 0.55 ft/lbf. Thus, the total kinetic 
D 

energy due to convection from Eqs. (14) and (22b) becomes 6.45+0.55=7.0 ft/lbf. 

that w i l l  be some- 
D 
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From Eq. (42) for the period of ullage engine firing: 

and for the orbital coast: 

Thus, i t  i s  seen that ini t ial ly, i n  an unbaffled tank, a very small mass may be 

expected to  travel to the tank top. The slower moving fluid following this, how- 

ever, w i l l  on the average "iump'l less than about 0.3D, unt i l  auxil iary motor cutoff. 

Then, dependlns = n  t!;c ::,-;L B G y u I I ~ ~  IUI iuruuienr mixing, the lump height w i l l  

stabilize at about 0.6D. 

height w i th  time. 

. I r  . .  
Viscous effects may be expected to  reduce this final 

To prevent l iquid venting as a result o f  this phenomenon, it i s  only necessary 

to  deflect the high velocity l iquid i n  the boundary layer and promote mixing. A 

r ing baffle o f  the type discussed earlier for the reduction of sloshing would appear 

applicable. The baffle should be at least as wide as the maximum boundary layer 

thickness, which from Eq. (10) is :  

3. Release o f  Stored Strain Energy 

The potential of stored strain energy to  cause deleterious l iquid motion i n  

the assumed stage may be assessed by  applying Eqs. (23) and (24). 

o f  strain energy stored i n  the tank wal l  w i l l  be considered. 

characteristics o f  the tank must be established. The following assumptions are made: 

First, the effect 

To do this, certain 

a. 

b. 

The tank i s  constructed o f  high strength aluminum. 

Y = modulus of elasticity = 10 x 10 6 Ibf/in2 (Ref. 25). 

cry = yield stress = 56,000 Ibf/in2 (Ref. 26). 

The factor o f  safety (F.S.) i s  1.4 based on the yield stress 
(assumption bazed on Ref. 26). 
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c. 

d. The tank design pressure I s  40 Ibf/in2 (Ref. 27). 

Hoop stress i s  the tank design criterion. 

Conventionally, then, for a thin wall  cylindrical tank: 

To apply Eq. (23), i t  was also necessary to assume the tank pressure at insertion into 

orbit. A pressure o f  26 psia was assumed. From Eq. (23), then 

= 840 ft-lbf 

Assuming this energy i s  distributed to the total mass of l iquid hydrogen, applying 

Eq. (43) for the period o f  ullage motor firing: 

E g  w o  
- 2.9  b -  - _ - -  

D mu D 2 

and for the orbital coast where a/ge = 2 x 

- 72.5 b - Ewgo 
D ma2D 
- - -  - 

It i s  seen that tank wa l l  strain energy, released by the reduction i n  hydro- 

stotic pressure at insertion into orbit, i s  of a mognitude sufficient to  cause chaotic 

l iquid motion during ullage burn and orbital coast. 

expected to persist for an extended time in orbital coast, since the velocities would 

be of the same order as would be induced by the worst case o f  sloshing (the calcu- 

lated values o f  b/D are of the same order). 

placed within the tank to  reduce sloshing induced during boost would effectively 

attenuate this motion. The following elements o f  conservatism also exist: 

The l iquid motion would be 

I t  i s  possible that the slosh baffles 

a. The liquid may not respond i n  a gross manner to  the tank wa l l  vibration 

as the wall  relaxes. 

b. A portion of the released strain energy w i l l  be absorbed in internal 

damping by the tank wall  and insulation. 

3 2  
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c. Part o f  the strain energy w i l l  be  manifested as vibrational energy of  the 

payload, forward of  the assumed stage, and of the engine and structure aft o f  the 

tank wall .  

d. The tank volume w i l l  be reduced with a pat ion of  the above energy 

going to u I lage vapor compression. 

The strain energy stored in the l iquid in  the tank and released by the reduc- 

t ion in hydrostatic head at insertion into orbit may be estimated from Eq. (24). 

Equation (24) i s  approximate at best since i t  was derived for a liquic' contained 

within a flat-bottomed container. The l iquid height, h, in  Eq. (24) was replaced 

by an equivalent l iquid height, he = 0.79D. This w iI I cause Eq. (24) to yield a 

value of  stored compression energy somewhat smaller than would actually exist. 

Values for a l l  the quantities in Fq. (34) wit!? thc cxcep:ion of  F (the coefficient of 

isothermal compressibility o f  l iquid hydrogen) have been given earlier. For hydro- 

gen, P = 7.4.4 x ft2/lbf (Ref. 24). Applying Eq. (24) to  the assumed stage: 

Applying Eq. (44) for the time of  ullage motor firing, assuming the energy E 

applied to the total mass of  l iquid hydrogen in the tank: 

i s  L 

- 1.57 b -  E Lgo - _ - -  
D ma2D 

and during orbital coast: 

b -  E L90 - - - = 39.3 
D ma2D 

If  this energy i s  converted to kinetic energy of the liquid, chaotic motion would 

result. Again, the l iquid may simply expand, compressing the vapor in the ullage. 

The slosh baffles would tend to dampen the resulting motion. 
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4. Fluid Motion o f  Tank Draining 

The kinetic energy of the l iquid due to  draining may not be calculated 

directly from Eq. (25) since the velocity distribution within the l iquid i s  not known. 

If, however, i n  Eq. (25), ue and ur are assumed negligible, the mean value o f  vx 

may be assumed equal to  the fa l l  rate o f  the Iiquid/vapor interface, and the lower 

l imit of the kinetic energy due to  draining established. 

The specific impulse, Isp, o f  the engine i s  assumed to be 425 Ibfsec/lbm. 

Thus, for a 200,000 Ibf thrust, the total propellant flowrate is: 

CT = F/I = 470 IbJsec 
SP 

The l iquid hydrogen flowrate i s  1/6 o f  the above or 78.3 Ib/sec. The interfaqe fal l  

rate i s  0.048 ft/sec. From Eq. (25) then: 

- - - -  m?x - 1.04 ft-lbf E~~ 2g0 

During ullage motor firing, the equivalent jump height from Eq. (47) is :  

E g  
DR o - 3 . 6 ~  10-3 b -  - - - -  

D ma D 2 

and during orbital coast: 

, 

E g  
- - - -  b -  DR - 0.09 
D ma2D 

The above values of  b/D are negligible in comparison w i th  those calculated 

earlier for other phenomena. Thus, this phenomenon w i l l  not be considered further. 
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VI. FEASIBILITY OF EXPERIMENTS 

The feasibil i ty o f  experiments to investigate the phenomena described in  

the preceding chapters depends on the availabil ity, or possibility o f  constructing, 

facilities which can produce usable low gravity test time. 

A significant l imitation of any low gravity test faci l i ty  i s  the level o f  

extraneous distrubances introduced by  the test faci l i ty. 

control led conditions for the low gravity f lu id dynamics experiments. A reasonable 

criterion i s  that the Iiquid-vapor interface must be stable under the influence o f  

faci lity-induced disturbances. 

stable for accelerations directed from the more dense to the less dense f luid if, for 

a l iquid which has a contact angle with the container wal l  o f  zero, Bo 5 0.8423. 

The "cr i t ical"  acceleration, ac, defined as the acceleration where Bo = 0.8423, 

has been plotted versus tank radius i n  Fig. 4. 

I t  i s  imperative to have 

From Reference 9 the Iiquid-vapor interface i s  

A. Test Facilities 

The following are descriptions of the various facilities for low gravity f luid 

mechanics testing and their capabilities and limitations. 

1. Aircraft 

An extensive low gravity f luid mechanics test program ut i l iz ing airplanes 

f lying low gravity trajectories was undertaken (Ref. 28). To accomplish the nomi- 

nal ly zero gravity maneuver, the airplane i s  first put into a dive. 

up. The pi lot  then flies a nominally zero gravity Keplerian trajectory, applying 

thrust to overcome drag unt i l  the airplane must again pitch up to recover from the 

maneuver. The following table lists capabilities of several aircraft for low gravity 

testing wi th experiment packages free floating and attached to the aircraft. 

o f  the free floating packages i s  limited to allow for package drift in  the cargo 

space. 

It i s  then pitched 

Size 
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TABLE II 

AIRCRAFT CAPABILITIES FOR LOW GRAVITY TESTING 

Test Time Accel. Experienced Experiment Size 

(ge) 6.) Aircraft Test Cond. 

8-57 Theoret . Max. 
Free Float 
Attached 

AJ-2 Theoret. Max. 
Free Float 
Attached 

C-130 Theoret. Max. 
Free Float 
Attached 

X-15 Theoret. Max. 

57 
3- 5 

30- 40 

40 
8- 15 

15- 30 

34 
8- 15 

1 5- 30 

200 

10-4 
10-2 

10-4 
10-2 

6 (cube) 
30 (cube) 

24 (cube) 
48 (cube) 

10-4 48 (cube) 
10'2 100 (cube) 

0.03 8(dia) x 60 cylinder 
2 0 x 2 4 ~  14 box 
22 x 33 x 33 box 

~~ 

Two types of disturbances are present i n  aircraft testing, those occurring 

before entering the nominally zero gravity trajectory, and those occurring during 

the ''zero gravity" period. Before entering "zero gravity," a 1.5 to  2.5 ge pitch- 

up o f  the aircraft i s  required at a r d e  o f  approximately 8 deg/sec. The accelera- 

t ion direction i s  known, thus the experiment might be oriented to  avoid disturbing 

the liquid-vapor interface in  the container. The rotation, however, causes circu- 

lation o f  the fluid. The accelerations listed i n  Table I1 are random i n  direction, 

thus can disturb the interface. Therefore, for the 8-57, for example, from Table 

II and Fig. 4, 

Theoret. Max. Float Attached 

Test Time (sec) 57 3-5 30-40 

Available Space for Experiment (in) 6 30 

Acceleration Level (ge) 10-4 10-2 

Practical Container Diameter (in) 6 1 
b Test F I u i d  Water - 
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It i s  seen that diff iculties may be anticipated in  scaling from container diameters 

o f  this order to those o f  space vehicle propellant tanks that are one to  three orders 

o f  magnitude larger, and from test times o f  several seconds to  space vehicle coast 

times o f  several hours. 

2. Drop Tower 

Drop towers have been used extensively for low gravity f luid mechanics and 

heat transfer experimentation. 

static liquid-vapor interface shape and formation time, and sloshing. 

drop facilities ut i l ize a free-fall distance of 35 to  100 feet, which results i n  a drop 

time o f  1.5 to  2.5 seconds. A study was made to  determine the feasibility o f  a drop 

tower to  increase the free-fall time to  4.5 sec (320 ft) (Ref. 29). It was found that 

a maximum experiment disturbance o f  10-4 ge could be obtained wi th  a drag shield 

having a ratio of mass to  product o f  drag coefficient and frontal area (m/CDA) o f  

1000 Ibf/ft . This means that an aerodynamically-shaped body o f  about 2800 pounds 

would be required as a drag shield. An experimental package o f  about 200 pounds 

would be  housed i n  a 36 inch diameter container fal l ing within the drag shield. 

Many design problems were identified, the most important o f  which was the means o f  

stopping the heavy drag shield without damage when it reached the end o f  the drop, 

but none were thought to  be insurmountable. 

Data have been obtained on boi l ing heat transfer, 

Available 

2 

3. Drops from Balloons 

The feasibility o f  dropping low gravity experiments from balloons at high 

altitudes was investigated (Ref. 30). 

except that an increase i n  free-fall time would be gained by  virtue of the altitude 

of  the starting point. 

phere at, say, 100,000 feet than near sea level (100,000 feet i s  the design float 

alt itude of an available balloon). Briefly, this scheme was found to  be impracticable 

because of windage and because for the same longitudinal travel o f  an experiment 

within a drag shield (6.5 ft), less than one second more free fa l l  time would be 

obtained than in  a 320 ft. drop tower. 

This would be similar to  using a drop tower, 

Also, atmospheric drag would be lower i n  the less dense atmos- 
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4. Rocket Vehicles 

Rocket vehicles have no fundamental limitations on their capabil ity for 

zero and low gravity f luid mechanics and thermal testing since essentially any test 

time and experiment size can be obtained and the vehicle can be accelerated i n  any 

direction at any level desired. Thus, small, relatively low cost sounding rockets 

would seem to offer an appropriate faci l i ty for subscale testing. While small sub- 

orbital rockets are subject to  some o f  the same limitations as airplanes, the limita- 

tions are less severe because available test times are longer and random accelera- 

tions are lower. A survey was made of available sounding rockets (Ref. 29). Data 

were obtained on the WASP I, WASP II, Scout, Athena, Aerobee, and pods mounted 

on Atlas intercontinental ball istic missiles. The WASP I may be considered repre- 

sentative, i t s  available "zero gravity" time i s  7 to  11 minutes wi th  random accelera- 

tions below 10-5 ge. This would allow a test tank of 20 to  32 inch diameter based 

on the interface stabil ity criterion (Fig. 4). 

B. Analysis of Experiments 

In  this section, the phenomena identified earlier w i l l  be examined to deter- 

mine the possibility o f  simulating them in  subscale experiments. The simulations 

w i l l  be based on the conditions estimated for the space vehicle stage. 

1 .  Sloshing Induced During Powered Flight 

To assess the possibility o f  investigating this phenomenon i n  subscale tests, 

it i s  necessary to  first calculate the values o f  the scaling parameters, b/D 

(=Ego/mazD), WeR, and Bo 

the intermediate acceleration level, 5 x 

this acceleration w i l l  be assumed to have the sole effect o f  shifting the wave phase 

between the high and low acceleration phases (Ref. 31). 

for the assumed full-scale stage. The conditions at 
R 

ge, w i l l  not be calculated, since 

Several cases w i l l  be considered: (1) the worst case of sloshing where 

ES = 6960 ft-Ibf; (2) a case where the wave amplitude i s  the same for this stage as 

for the stage o f  Reference 22 ( t  = 0.42 ft); and (3) a case where the slosh wave 

energy remains the same for this stage as for the stage o f  Reference 22. 
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Table Ill, page 41, gives the values o f  the dimensionless scaling parameters 

calculated for the assumed full-scale stage from Eqs. (6 ) ,  (30), (37), (38) and (39). 

Pertinent values are shown for two times, main engine fir ing (a/ge = 0.70) and 

orbital coast wi th  continuous venting (a/ge = 2  x 10-5). 

To conduct a subscale test to investigate this phenomenon, i t  i s  necessary 

to  use a container large enough to  easily measure the wave amplitude. Further, 

during the low acceleration phase o f  the test, the imposed acceleration must be 

larger than the random acceleration imposed by  the test faci l i ty. It must also be 

possible to examine at least one cycle o f  l iquid motion. The liquid slosh motion 

may be set up at a/ge = 1 .O for the drop tower. 

assumed that the slosh motion i s  formed during a pull-up at a/ge = 2.5. 

fied Froude number, b/D, w i l l  be assumed to be the primary parameter to  be 

modeled; We Bo and Re w i l l  be checked to  assure they are i n  the desired 

regime (as defined b y  Fig. 1) to simulate the fu l l  scale space vehicle stqge 

conditions. 

For the airplane, i t  w i l l  be 

The modi- 

R '  R' R 

It i s  desirable to  have the maximum wave energy before the release into 

low gravity to avoid the need for extremely low acceleration during the test. 

in  Eq. ( 6 ) ,  the slosh amplitude, C ,  i s  specified as being equal to  Cs. The first 

mode slosh wave i s  assumed; ihus, X z 1 and a = 1.84 i n  Eq. (4). 

Thus, 

The following equations are derived for the above conditions. Equation 

(31) is :  

From Eq. (4) - " = - =0.277 for h/D =0.79.  Thus, 
D 2aX 

where (a2/ge),,, i s  the largest acceleration during the test which can give the 
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specified b/D. The Bond number based on tank radius i s  given by  Eq. (39) as: 

2 

R a  
R Pa BO = - 

During the test, a = a  2 '  The maximum acceleration i s  given by Eq. (48). Combining 

Eqs. (48) and (39): 

-3  D2 3.38 x 10 
Bo = 

R2 ./P [ ; f e h ]  
ma2D D 

(49) 

The Weber number, from Eq. (38) is: 

16f2 c2pR 
We = R U 

Substituting for c the value o f  cs found above and equation (2) for f 1 wherein BoR 

i s  found from Eq. (49) and tanh (2ah/D) e 1: 

This i s  the maximum Weber number that can be generated in  the test. Equation (2) 

was used for fl because i t  i s  not known i n  advance that BoR w i l l  be large for the 

test condition. 

From Eqs. (36) and (2), substituting rs for !,, 

The damping time i s  found from Eq. (35) by assuming that b/D i s  desired to  

be D/4 at the end of damping and realizing that the in i t ia l  velocity, U1 , may be 

approxi mated by: 
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I .  

which i s  the same as Eq. (45). 

assumed so that m = TD hep/4. 

Further, an equivalent flat bottom container i s  
2 

Then: 

. P  I 

he 2 1 At = 314.2 D -  -- 'I= t T D  ma2 D 
(52) 

The time for one cycle o f  l iquid motion i s  calculated by dividing the in i t ia l  l iquid 

velocity, U , by the distance up one side, across the top, down the other side, 

and across the bottom of the container, then: 
1 

T =  

L 5.91 [E + 13 
(53) 

For the experiments, water i s  assumed to be the test fluid. Selecting the 

6-57 as a representative airplane, a practical container diameter i s  4 inches 

(staying wel l  within the 6 inch limit). 

diameter i s  20 Inches; however, a 6 inch diameter container may also be considered. 

For a drop tower test, a maximum container 

Figure 5 summarizes results of calculations using Eqs. (48) through (53) for 

the conditions *indicated above. 

Comparing Fig. 5 and Fig. 1, i t  i s  seen that i n  any case considered (4 inch 

container, airplane test; 6 inch container, drop tower test; and 20 inch container, 

drop tower test) the fluid w i l l  be inertia dominated during the low gravity portion 

o f  the test because o f  the large values of WeR and ReR. This i s  the desired con- 

d i t ion as indicated by the values of WeR and ReR given i n  Table 111.  

possible, however, to  simulate b/D =675 (the worst case) i n  any o f  the facil i t ies 

considered, since (a2/ge)max i s  lower than the minimum acceleration obtainable 

i n  any faci l i ty. The other values o f  b/D (=Ego/ma2D) o f  interest ( b / D I  15) can 

be obtained reliably. 

test time so that at least one cycle o f  liquid motion can be observed. 

from the calculated values of At, however, that unless the method used to  estimate 

A t  yields values too high by some 3 orders o f  magnitude, only the in i t ia l  f luid 

It i s  not 

Further, i n  any case considered, T i s  less than the available 

It i s  obvious 
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motion can be observed i n  any subscale test short o f  one using a rocket vehicle. 

Furthermore, the limited controllable low-gravity time available in  a sounding 

rocket test (7- 1 1  minutes) limits the test container size to about 4 inches diameter 

as can be seen from the values of  At  shown i n  Fig. 5. 

Consideration of  other test fluids would be futile, since f luid properties do 

Thus, the preliminary conclusion i s  drawn from considera- not appear i n  Eq. (53). 

t ion of this one phenomenon alone, the persistence o f  slosh induced during boost, 

that an orbital experiment may wel l  be required. 

2. Thermally-Induced Propellant Motion 

To determine the possibility o f  simulating thermally-induced propellant 

motion as i t  would occur in  the scale stage, WeR must be calculated for the stage. 

The other two significant parameters, BOR and b/D are given in  Table Ill and i n  

the text o f  Chapter IV. WeR may be c3lculated from Eq. (40): 

2 5/7h6/7 5 
= 1.53 x 10 13.83pRv C 

WeR = 
0 

Thus WeR i s  calculated to  be so great that the interface w i l l  break and l iquid 

motion w i l l  be dominated by  dynamic forces. 

The feasibility o f  subscale testing for the investigation o f  this phenomenon 

may be examined i n  a manner similar to that used in  the section on boost slosh. 

Water w i l l  be assumed as the test f luid. A heat flux corresponding to  the maximum 

for natural convection of 8 x 10 Btu/hr-ft (Ref. 32) w i l l  be used. Since the 

formation time o f  the boundary layer i s  not known, only a drop tower test w i l l  be 

considered. Then, for two test containers o f  6 inch and 20 inch diameter, the 

parameters o f  Table I V  are calculated from Eqs. (9),  (lo),  (14), (16), and (22b), 

and the definit ion of the modified Rayleigh number (Ra* = X4apiwpc /vk2 (Ref. 22)). 

3 2 

P 
To establish that a subscale test w i l l  yield useful data, i t  must be shown 

that the time o f  the intermediate acceleration can be simulated with a very small 

portion of the total available low gravity test time, or i t  must be assumed that the 

short period at the intermediate acceleration has l i t t le  effect on the total f luid 

mot ion. 
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TABLE I V a  

NATURAL CONVECTION PARAMETERS IN SIX INCH TEST TANK 

T i t  l e  Symbol Units Value 

a04,/PCp\l 3 

Acceleration before drop 

Boundary layer run length 

Modified Rayleigh number 

Maximum boundary layer velocity 

Maximum boundary layer thickness 

Kinetic energy in  boundary layer 

Kinetic energy, downward core flow 

Mass of f luid in  boundary layer 

C 

a/ge 

h 

Ra * 

l h  
5h 

EB L 

ED 

m~ L 

ft-4 7.15 x 10l2 

1 .o 
ft 0.545 

4 .7x  10'1 

ft/sec 0.439 

ft 0.041 1 

ft-lb 5.21 10-5 

ft-lb 4.32 x 

Ib 1.28 

TABLE I V b  

NATURAL CONVECTION PARAMETERS IN A TWENTY INCH TEST TANK 

T i t  le Symbol Units Value 

C ft-4 7.15 x 10l2 

Acceleration before drop a/ge 1 .o 

Modified Rayleigh number Ra * 5 . 9 x  1013 

Boundary layer run length h ft 1.82 

ft/sec 0.709 Maximum boundary layer velocity l h  
Maximum boundary layer thickness 6h ft 0.0917 

ft-ib 3.88 x lo-' Kinetic energy in boundary layer EB L 

ED ft-lb 3.21 10-4 Kinetic energy, downward core flow 

Mass of fluid i n  boundary layer Ib 34.0 mB L 
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First, examining the former, i f  the fluid i s  considered to  flow around the 

inside o f  the forward bulkhead as a result o f  the in i t ia l  maximum upward velocity 

of the boundary layer, a container o f  no more than 6 inches diameter i s  allowed 

in  order to  observe this in i t ia l  phenomenon i n  2 seconds or less (Eq. 53). This 

would leave only 2.5 seconds to  observe the remainder o f  the motion. Therefore, 

i t i s  possible by this criterion that the in i t ia l  phase o f  the simulated intermediate 

acceleration period might be observed in  a drop tower size container. 

~ 

Second, i t  i s  assumed that the motion after some time i s  independent o f  the 

motion during the short period o f  the intermediate acceleration. The phenomena 

occurring during the long, very low acceleration period w i l l  be examined. I t  i s  

desired to  simulate two values o f  b/D as expressed by Eq. (30). 

energy of the boundary layer, EBL, i s  applied wi th  the mass o f  l iquid i n  the boundary 

layer. During the low accelerstion period: 

First, the kinetic 

= 7.44 - -  b -  EB Lgo 

mBL'2D 

Thus, to  achieve the simulation, 

a2 1 go EBL 

Similarly, applying the total kinetic energy due to  convection and the total l iquid 

mass i n  the tank: 

The Bond number during the test i s  simply BOR evaluated at an acceleration of a2, 

or, for the former case: 
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and for the latter case: 

P 

The Weber number may be calculated from Eq. (40) and the data from Table IV.  

The following table summarizes conditions after the drop required to  simulate the 

required values of  b/D for the 6 inch and 20 inch containers, as calculated from 

the above expressions. 

TABLE V 

NATURAL CONVECT1 ON SI MU LAT I ON 

Tank Diameter 6 in. 6 in. 20 in. 20 in. 

b/D Simulation Boundary Layer Entire Tank Boundary Layer Entire Tank 

b/D 7.44 0.605 7.44 0.605 

Q2/9 e (d rap) 1 . 1  10-5 3.8 0.92 x 10-5 2.3 

WeR 

BoR (drop) 3.3 x 10-2 0.11 0.31 0.78 

9.1 9.1 79 79 

I t  i s  seen that the drop tower does not have the capabil ity to  simulate these con- 

ditions since an acceleration less than 

tower package can not achieve accelerations less than ge. Furthermore, the 

Bond numbers calculated are i n  the surface tension or capi l lary dominated regime, 

and the Iiquid-vapor interface would be highly curved. Weber numbers are such, 

however, that i f  the required acceleration could be achieved, the surface could be 

expected to break (Ref. 33). 

ge i s  required i n  each case and the drop 

I t  i s  concluded that i t  i s  very doubtful that these l iquid disturbances due to  

convection can be meaningfully investigated in  small-scale tests. 

3. Release o f  Stored Strain Energy 

The feasibility o f  simulating the stage conditions for release o f  stored strain 

energy may be examined in  the same manner as used earlier. First, the energy 
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c 

stored i n  the tank wa l l  w i l l  be considered. The transition time from the high to  

the low acceleration period appears crit ical, thus, only drop tower testing w i l l  be 

considered. Equation (23) is: 

2 
E W =L -aR Y t  p b( ph3 a2 -;’) + p o h 2 r 2 i a 1 ) ]  

90 

Not ing that the minimum acceleration available i n  the drop tower ge) 

i s  negligible i n  comparison to  the acceleration (1 ge) before the drop), Eq. (23) 

becomes: 

9 
L 3 a 

aR p P h 3 1  +poh2? ]  
E w =- [  Yt 3 go 2 go 

The mass o f  l iquid i n  the test tank is: 

2 
m = ~rpR he 

(54) 

(55) 

where h i s  the total l iquid depth (1.09D from Fig. 2), and he i s  the equivalent 

l iquid depth to yield the correct l iquid volume (he = 0.79 D from the description of 

the stage). Substituting -Eqs. (54) and (55) into Eq. (30) and solving for a2/ge: 

1 ge 

go 
a2 - le505  
4 e - m )  Rp - + po 

This i s  the necessary value o f  a2/ge that must be obtained to  simulate the desired 

value o f  b/D. 

The time that i t  i s  possible to  simulate i n  the subscale test may be calculated 

quite simply from: 

where: 

Lp = characteristic dimension o f  assumed stage tank, ft 

Lm = charxterist ic dimension o f  model tank, ft 

Vp = characteristic velocity of l iquid i n  stage tank, ft/sec 
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Vm = characteristic velocity o f  l iquid in model tank, ft/sec 

-r 

Tm - 

= simulated stage time, sec 

- model test time (duration o f  drop), 4.5 sec 
P 

The velocities i n  Eq. (57) may be calculated from Eq. (45). 

Reference 16 gives properties o f  several materials for test tanks. These 

properties are reproduced below: 

Modulus o f  Elasticity Ultimate Ctress 
( lb/in2) ( I b/i n2) 

G lass-Borosi I icate 6.8 x lo6 1000 

Polyvinyl C h loride 

Po I yet h y I ene 2 x  104 1400 

1000 2 4 x  10 

The values o f  b/d that are to  be simulated are 2.9  and 72.5 which occur 

on the assumed stage during auxil iary motor f i r ing and during orbital coast, 

respectively . 
If, in  Eq. (56), the minimum value o f  a2/ge i s  fixed, i t  i s  seen that t 

varies inversely wi th Y .  

limit, since the stress to which the tank wa l l  w i l l  be subjected during the test must 

be considered. The hoop stress at the tank bottom, neglecting the end effect intro- 

duced by the bottom, dictates a minimum wal l  thickness of: 

The material thickness, t, may not be reduced without 

R E  tmin - - - ou [Po + Ph 3 
where: 

tmi, = minimum allowable wal l  thickness 

FS 

uu 

as 

The above must be expressed i n  consistent units; the other symbols were 

- 
= factor o f  safety based on ultimate stress 

= ultimate strength o f  the tank material 

= stopping acceleration at the end o f  the drop 

defined earlier. 

The longitudinal stress i n  the tank wall, assuming the tank i s  supported at 

the juncture o f  the cylindrical wal l  and the forward bulkhead dictates a minimum 
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wal l  thickness of: 

, 

(consistent units) 

- . .  
Qu go 

If the stopping acceleration at the end of the drop, a,, i s  assumed to be 20 ge, the 

package would be stopped i n  15.7 feet after a drop o f  320 feet. For a l l  reasonable 

values o f  pw (the density o f  the tank wall material), D o f  6 inches and 20 inches, 

and uu o f  the order o f  1000 Ibf/in2, the second term i n  the denominator o f  Eq. (59) 

i s  negligible; also he - < h. Thus, tmin determined from Eq. (58) i s  approximately 

twice tmin from Eq. (59) and the longitudinal stress need not be considered further. 

Rearranging Eq. (56), 

For any tank material, test fluid, and test acceleration, Eq. (56b) may be 

solved for t i n  terms o f  po. The value of t thus obtained may be compared wi th  

the value o f  t from Eq. (58) to  determine whether the tank wai l  would be over- 

stressed. These calculations were made and the results plotted on Fig. 6. 

Assumptions were: 

( 1 )  Fs = 2 

(2) a2/ge = 10-4 

(3) the test l iquid i s  water 

(4) as/ge = 20 

From Fig. 6, it i s  seen that for glass tanks and reasonable positive ullage 

pressures (0 < po < 100 psig) no tank can be constructed to  produce the desired 

values of  b/D for the drop tower test conditions. Polyethylene i s  a better material 

i n  this application; a 20 inch diameter test container can be designed to  achieve 

the desired values o f  b/D for ullage pressures between 2.2 and 100 psig. 

Unfortunately, b/D = 72.5 cannot be produced with a 6 inch diameter polyethylene 

- -  
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tank for 0 < p 

pressures. Thus, tanks can be constructed to simulate a l l  desired values of  b/D 

< 100 psig. Polyvinyl chloride may be used over a range of ullage - 0- 

To determine the means of  obtaining the maximum simulated time, i t  i s  

instructive to combine Eqs. (57), (45), and (43): 

Thus, for a fixed model diameter and b/D, i t  i s  desirable to make a2 as 

large as possible. It i s  seen from Eq. (56) that this can be accomplished by  making 

t small and po as large as possible for any given tank diameter and material. This 

condition exists where the curves of  minimum and required tank wa l l  thickness of 

Fig. 6 intersect. The condition of b/D = 72.5 requires a thinner tank wa l l  with 

any given diameter container than does b/D = 2.9. Thus, a 20 inch diameter 

model tank of polyethylene and a 6 inch tank of polyvinly chloride are selected. 

For these containers, Eqs. (26), (46), (56), and Fig. 6 yield the data of the 

fo I lowing tab le. 

TABLE VI 

EXPERIMENT DATA - EFFECT OF TANK WALL STORED STRAIN ENERGY 

Model Tank Material Poly. Chloride 

Tank Diameter, D (in) 

Simulated Prototype Acceleration (a2/9e) 

b/D (=Ewgo/ma2 D) 

Required Experiment Acceleration (a2/9e) 

Simulated Prototype time, TP (sec) 

WeR 

BOR 

Model Tank Wall Thickness, t (in) 

Model Tank Ullage Pressure, po (psig) 

6 

5x1U4 

2.9 

2.5x1Cr3 

148 

0.686 

1.906 

0.123 

0 

6 

2x 1 u5 

10-4 

72.5 

148 

0.686 

0.076 

0.123 

0 

Polyet1 

20 

5x 1 0-4 

2.9 

2 . 5 ~  1 U3 

81.3 

7.65 

21.2 

0.26 

2.2 

lene 

20 

2x 1 u5 

10-4 

72.5 

81.3 

7.65 

0.848 

0.26 

2.2 - 
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From Table VI, i t  i s  not clear whether i t  i s  possible to  make model drop 

tower tests for the investigation o f  this phenomenon. 

surface would break, because the Weber numbers for both tank sizes considered are 

within the "transition" range (Fig. 1).  

di f f iculty exists wi th  the regime o f  the Weber number. The Bond numbers are quite 

small in  the case where b/D = 72.5. This i s  unimportant, however, i f  We aqd b/D 

are large enough to place the experiment within the inertia dominated regime. The 

phenomenon shares wi th  the other phenomena the problem o f  insufficient test duration. 

The period of stage flight at a/ge = 5 x  10-4 can be simulated, but only the in i t ia l  

transients of the long coast at a/ge = 2 x  10-5 can be observed. 

within the tank for reduction o f  sloshing are effective against this f luid motion, i t  

I t  i s  doubtful that the l iquid 

Experiments might possibly prove that no 

I f  the baffles placed 

may be possible to  observe enough o f  the 

The energy stored i n  the l iquid wi  

hydrostatic head i s  given b y  Eq. (24): 

2 2  
TR Pphe (a2 - a 

ransient to  predict damping time. 

hin the tankdue to compression b y  the 

To reduce this equation to a form that can be examined more easily, a2 w i l l  be 

eliminated because i t  i s  small relative to a 

i n  the tank wall, the time o f  transition from high to  low acceleration i s  believed 

crit ical, thus only the drop tower i s  considered and al = 1 ge. The equivalent 

l iquid depth was given as 0.79D. 

As i n  the case of the energy stored 1 '  

Substituting: 

4 "1 E L  = 0.245 D pp- [p + 0.264 p D ]  
go 

The second term i n  the bracket i s  eliminated because i t  is small i n  comparison to the 

first, since for the experiment, the ullage pressure would be a minimum of 14.7 psia, 

the maximum value o f  D i s  1.67 ft and a l iquid density even as great as that of 

mercury would make the second term less than 1/5 as large as the first. 

the second term: 

Neglecting 

4 a1 

go 
EL = 0.245 D Rp - p 
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Substituting the above equation and Eq. (55) into Eq. (44) 

I 

I 
1 .  

a. 
I b/D = 0.396 p p  - 

a, 
L 

Since al = g e  

Following are tabulated model tank ullage pressures that would have to  be 

used to  simulate the values o f  b/D calculated for the assumed stage. Two full- 

scale vehicle conditions are considered: during ullage motor burn (a/ge = 5 x  loe4), 

and during orbital coast wi th  continuous hydrogen venting (a/ge = 2 x  

two liquids are considered for the experiment, water, which has a compressibility 

(B) of 2.31 x 

7 . 4 4 ~  

because this i s  the minimum that can be reliably obtained in  the drop tower. 

Also, 

ft2/lbf; and liquid hydrogen, which has a compressibility o f  

ft2/lbf. The acceleration during the drop i s  assumed to be ge, 

Test Fluid Water Liquid Hydrogen 

a/ge simulated 5 2 10-5 5 10-4 2 10-5 

b/D 1.57 39.3 1.57 39.3 

p required (psia) 119 2982 3.72 92.7 

For water and the higher value of b/D, the required model tank ullage 

pressure i s  unreasonable because the container must be transparent to permit obser- 

vation o f  the l iquid motion. 

undesirable for drop tower tests. 

greater than 5 times that o f  water (no liquid hydrogen properties are presented i n  

Ref. 34). Thus, the choice would be whether to use ullage pressures i n  the range 

o f  600 psia or to  design a f i c i l i t y  for liquid hydrogen and to  develop a transparent 

container to  withstand an internal pressure near 100 psia at l iquid hydrogen 

temperature (-423OF i s  the hydrogen saturation temperature at 1 atm.). Both o f  

these possibilities are considered unacceptable. 

Liquid hydrogen i s  a hazardous fluid and would be 

Reference 34 l i s t s  no l iquid wi th  a value o f  p 
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VII. CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER IN VEST1 GAT1 ON S 

A. CONCLUSIONS 

From the analytical investigations described i n  this study, the following 

conclusions are drawn: 

1 .  Propellant sloshing and thermal convection induced during space vehicle 

boost flight, and release of tank-wall 

into orbit, have been identif ied as sources o f  propellant motion that w i l l  present 

problems in orienting l iquid within propellant tanks during orbital coast. 

and liquid-stored strain energy at insertion 

2. The only means o f  attenuating these propellant motions that can be 

suggested i s  to  place conventional ring type slosh baffles within the tank. 

3. Low gravity testing may be accomplished in  airplane flights, drop towers, 

or rocket flights. 

i n  drop towers, very small (less than 6 inch diameter) test tanks must be used. 

Rocket vehicles are essentially unlimited in  their capabil ity for low gravity f luid 

mechanics testing. 

4. The in i t ia l  f luid motions resulting from sloshing induced during boost 

To achieve test durations i n  airplanes exceeding those available 

flight and strain energy stored i n  space vehicle propellant tank walls can be 

investigated in drop tower tests. 

5 .  Fluid motions resulting from thermal convection and strain energy stored 

in  the liquid propellant can not be investigated i n  drop tower tests. 

6. A complete investigation o f  l iquid motion i n  orbital coast resulting from 

any o f  the phenomena identif ied w i l l  require an orbital experiment. 

B. RECOMMENDATIONS 

1 . Future low gravity f luid mechanics investigations should be concentrated 

i n  the area o f  f luid dynamics, since the motions identif ied are severe and may we l l  

persist for several hours after insertion o f  the space vehicle into orbit. 
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2. Drop tower tests should be performed to study the in i t ia l  transient f luid 

motions resulting from sloshing generated during boost flight and release o f  tank 

wall-stored strain energy.* 

3. A large scale orbital experiment i s  recommended as the only available 

means of d..tcjining test data on the motions identif ied.** 

* A drop tower experiment i s  currently in  progress at Marshall Space 
Flight Center. 

A fu l l  scale orbital experiment was flown in  July, 1966. Primary 
objectives of  both programs are investigations of  problems identif ied 
in this paper. 

**  
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